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[57] ABSTRACT 

A circuit for lineariZing the input/output characteristics of a 
differential ampli?er core circuit is described. The differen 
tial ampli?er core circuit comprises an input stage, a buffer 
stage, and an output stage. The input stage includes input 
transistors connected in a common emitter con?guration, 
Where the bases of the input transistors are coupled to input 
terminals. The input stage further includes load circuits 
coupled betWeen the input transistors and a poWer supply 
terminal. The output stage includes output transistors con 
nected in a common emitter con?guration, Where the output 
terminals are coupled to the collectors of the output tran 
sistors. First and second resistors are coupled betWeen the 
collectors of the respective output transistors and the poWer 
supply terminal. The buffer stage includes a buffer circuit 
that is coupled betWeen the input and output stages. The 
buffer circuit includes a pair of ?rst transistors, each having 
a base coupled to a collector of the corresponding input 
transistor, a collector coupled to a poWer supply terminal, 
and an emitter coupled to the base of the corresponding 
output transistor. The buffer circuit further includes a pair of 
second transistors connected in a common emitter 
con?guration, each having a base coupled to the input 
terminal, and a collector coupled to the emitter of the 
corresponding ?rst transistor. A differential current in the 
?rst transistors is equal to a differential current in the output 
transistors, thereby canceling any non-linearity introduced 
by the output stage. 

29 Claims, 3 Drawing Sheets 
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LINEARIZED AMPLIFIER CORE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to analog circuits, 
and more speci?cally, to a circuit for lineariZing the output 
of a differential ampli?er core. 

2. Background Information 
FIG. 1 illustrates a circuit diagram of a prior art differ 

ential pair ampli?er circuit. The differential ampli?er circuit 
includes transistors Q1 and Q2, emitter degeneration resis 
tors RE1 and R52, load resistors RC1 and RC2, and a current 
source I. Differential inputs Vi+ and Vi_ are applied to the 
bases of transistors Q1 and Q2, and the differential outputs 
V0+ and V0_ are provided at the collectors of the transistors 
Q1 and Q2, respectively. The currents IE1 and IE2 through 
resistors RE1 and R52, respectively, are: 

Where 
VBE1 is the base-emitter voltage of Q1 and VBE2 is the 

base-emitter voltage of Q2. 
In common mode, Where Vi+=Vl-_, the circuit is balanced 

such that half of the current I ?oWs through Q1 (IE1) and half 
of the current ?oWs through Q2 (IE2). In the differential 
mode, Where Vi+ and Vi_ differ, the ampli?er circuit of FIG. 
1 becomes non-linear, since VBE1 and VBE2 vary With 
current in a non-linear manner. The base-emitter voltage 
difference (VBE1—VBE2) of transistors Q1 and O2 is related 
to the ratio of collector currents by the expression: 

Where 
K=BoltZmann’s constant 
T=absolute temperature 
q=electron charge. 

With an input Vi+—Vl-_, the voltage Vim-V52 across 
degeneration resistors RE1 and RE2 is: 

With RE1=RE2=RE, and RC1=RC2=RC, the output V0,, 
V is: 

Thus, because the signal across the degeneration resistors 
RE1 and RE2 is not Vi+—Vl-_, but ((Vi+—Vl-_)—AVBE), the 
output is non-linear With respect to (Vi+—Vl-_). 

FIG. 2 illustrates a prior art technique for lineariZing the 
characteristics of the differential ampli?er circuit of FIG. 1. 
As shoWn, diode-connected transistors Q3 and Q4 are 
placed in the load circuits betWeen the positive poWer supply 
terminal VCC and the load resistors RC1 and RC2, respec 
tively. Assuming RE1=RC1=RE2=RC2 (i.e., a gain of 1), the 
effect of the diode-connected transistors Q2 and O4 is to 
offset the non-linearity caused by the differential input 
transistors Q1 and Q2. Thus, as Vi+=Vl-_ changes, the current 
change in RC1 and associated VBE change in O3 is the same 
as the current change in RE1 and VBE change in Q1, thereby 
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2 
canceling the non-linearity in the output voltage. This tech 
nique is referred to as diode-lineariZation. 
The diode-lineariZation technique shoWn in FIG. 2 has 

draWbacks. If a gain of X (i.e., RC=X * RE) is desired, Where 
“X” is a positive Whole number greater than 1, then X 
diode-connected transistors are required in the load. This 
adds to the number of VBEs in the circuit and reduces the 
headroom on the output (i.e., reducing the output voltage 
sWing). Accordingly, there is a need in the technology for a 
method and apparatus to lineariZe the characteristics of such 
a differential ampli?er. 

SUMMARY OF THE INVENTION 

The present invention comprises a circuit for lineariZing 
the input/output characteristics of a differential ampli?er 
core circuit having input terminals and output terminals. In 
one embodiment, the circuit includes an input stage, a buffer 
stage, and an output stage. The input stage includes input 
transistors connected in a common emitter con?guration and 
coupled to the input terminals. The input stage further 
includes load circuits coupled betWeen a poWer supply 
terminal and the input transistors. The input stage provides 
linear input/output characteristics. The output stage includes 
output transistors connected in a common emitter 
con?guration, Where the output terminals are coupled to the 
output transistors. The output stage provides non-linear 
input/output characteristics. The buffer stage is coupled 
betWeen the input and output stages, and introduces a 
non-linearity equal and opposite to the non-linearity of the 
output stage. Consequently, the transfer curve from the input 
terminals to the output terminals is linear. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a circuit diagram of a prior art differ 
ential pair ampli?er circuit. 

FIG. 2 illustrates a prior art technique for lineariZing the 
characteristics of the differential pair ampli?er circuit of 
FIG. 1. 

FIG. 3 illustrates a circuit diagram of a differential ampli 
?er core circuit according to one embodiment of the present 
invention. 

DETAILED DESCRIPTION 

The present invention comprises a circuit for lineariZing 
the input/output characteristics of a differential ampli?er 
core circuit. The differential ampli?er core circuit comprises 
an input stage, a buffer stage, and an output stage. The input 
stage includes a pair of input transistors connected in a 
common emitter con?guration, Where the bases of the input 
transistors are coupled to input terminals. The input stage 
further includes load circuits, each including a diode 
connected transistor and a series resistor coupled betWeen 
the collector of the corresponding input transistor and a ?rst 
poWer supply terminal. The input stage provides linear input 
to output characteristics. The output stage includes a pair of 
output transistors connected in a common emitter 
con?guration, Where the output terminals are coupled to the 
collectors of the output transistors. A pair of resistors are 
coupled betWeen the collectors of the respective output 
transistors and the ?rst poWer supply terminal. The output 
stage introduces non-linearity to the output signal With 
respect to its input signal. 

To cancel out the non-linearity introduced by the output 
stage, the buffer stage is coupled betWeen the input and 
output stages. The buffer stage includes a pair of ?rst 
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transistors, each having a base coupled to a collector of the 
corresponding input transistor, a collector coupled to the 
poWer supply terminal, and an emitter coupled to the base of 
the corresponding output transistor. The buffer stage further 
includes a pair of second transistors connected in a common 
emitter con?guration, each having a base coupled to the 
corresponding input terminal, a collector coupled to the 
emitter of the corresponding ?rst transistor, and an emitter 
coupled to a common terminal through a respective resistor 
of a pair of resistors. 

The differential current in the pair of ?rst transistors of the 
buffer stage is made equal to the differential current in the 
pair of output transistors, thereby canceling any non 
linearity introduced by the output stage. Consequently, a 
AVBE change of the buffer stage, responsive to a change in 
the input signal, offsets the AVBE change of the output 
stage. 

FIG. 3 illustrates a circuit diagram of a differential ampli 
?er core circuit according to one embodiment of the present 
invention. Referring to FIG. 3, the ampli?er core circuit 
comprises three stages, namely, an input stage, an output 
stage, and a buffer stage. The input stage includes differen 
tial pair transistors Q1 and Q2 having emitter degeneration 
resistors R1 and R2, and corresponding loads comprising 
diode-connected transistors Q3 and Q4 and resistors R3 and 
R4, respectively. The output stage includes differential tran 
sistors Q9 and Q10 having emitter degeneration resistors R9 
and R10, and load resistors R7 and R8, respectively. 

The buffer stage includes emitter folloWer transistors Q7 
and Q8 coupled betWeen the input and output stages, dif 
ferential transistors Q5 and Q6, and emitter degeneration 
resistors R5 and R6. The emitter folloWer transistors Q7 and 
Q8 provide buffering betWeen the input and output stages, 
While the differential transistors Q5 and Q6 provide bias 
current for transistors Q7 and Q8. The tail current source of 
differential input transistors Q1 and Q2 is I1, the tail current 
source of differential pair transistors Q5 and Q6 is I2, and the 
tail current source of differential output transistors Q9 and 
Q10 is I3. A differential input voltage Vi+—Vl-_ is applied to 
the bases of respective transistor pairs Q1, Q2 and Q5, Q6. 
The differential output voltage (VO+—VO_) is measured 
across the collectors of transistors Q9 and Q10, respectively. 

In the folloWing discussion, it is assumed that all transis 
tors are the same siZe and all resistors (With the exception of 
R7 and R8) are of equal resistance R. Resistors R7 and R8 are 
arbitrarily assumed to be N times the value of the other 
resistors. In addition, the current sources I1, I2 and I3 are 
equal. For sake of clarity and illustration of the present 
invention, the base currents are ignored such that the col 
lector current IC of a transistor is equal to the emitter current 

IE. 
When Vi+=Vl-_, the circuit is balanced such that half of the 

current I1 ?oWs through Q1 and half through Q2, half of the 
current I2 ?oWs through Q5 and half through Q6, and half 
of the current I3 ?oWs through Q9 and half through Q10. 

Differential input transistors Q1 and Q2, diode-connected 
transistors Q3 and Q4, emitter degeneration resistors R1 and 
R2, and load resistors R3 and R4 are coupled such that the 
voltage gain from the inputs Vi+ and V,-_ to the correspond 
ing bases of emitter folloWers Q7 and Q8 is unity (and 180° 
out of phase). As described, the transfer characteristic is 
linear because there are the same numbers of p-n junctions 
and the same resistance in the load circuits (Q3, R3 and Q4, 
R4) as in the emitter circuits (Q1, R1 and Q2, R2). (See FIG. 
2 and the description thereof.) As such, the differential 
voltage (VA1—VA2) betWeen the bases of transistors Q7 
(Node A1) and Q8 (Node A2) is: 
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The difference in voltage betWeen nodes C1 and C2 
(Vc1_Vc2) is: 

Note that to the eXtent that VBE7=VBE8 and VBE9= 
VBElo, then VC1—VC2=—(Vl-+—Vi_). Also note that to the 
eXtent that (VBE7—VBE8)=(VBE1O—VBE9), then Va 
VC2=_(Vi+_Vi-)' 
With a Zero differential input (Vi+=Vl-_), the currents in all 

transistors are equal, so that the VBEs are all equal, referred 
to hereafter as VBEO. When a positive differential input 
(Vi+>Vl-_) is provided to the ampli?er core, the current in 
transistors Q1, Q6, Q7 and Q10 increases and the current in 
transistors Q2, Q6, Q8 and Q9 decreases. The VBE of 
transistor Q7 increases because of the increased current 
therein, so that: 

The VBE of transistor Q8 decreases because of the 
decreased current therein, so that: 

The differential voltage betWeen nodes B1 and B2 (V51 
VB2) Will be: 

The VBE of transistor Q9 decreases because of the 
decreased current therein, so that: 

The VBE of transistor Q10 increases because of the 
increased current therein, so that: 

The differential voltage betWeen nodes C1 and C2 (VG 
VC2) Will be: 
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In order to lineariZe the input/output characteristics of the 
differential ampli?er circuit of FIG. 3, the quantity (AVBE7+ 
AVBE8) is made equal to the quantity (AVBE9+AVBE10). 
This is accomplished by setting the current (IQ5-IQ6 ) of 
transistors Q5 and Q6, With (V,-+—Vi_), equal to the desired 
output current (IQ10-IQ9) of transistors Q10 and Q9. In 
short, since IQ5 and IQ6 bias emitter folloWers Q8 and Q7, 
respectively, a AVBE is created that is equal to and opposite 
to that in transistors Q9 and Q10. The differential voltage at 
the emitters of transistors Q8 and Q7 is VIN+AVBE. The 
differential voltage at the emitters of transistors Q10 and Q9 
is then (VIN+AVBE)—AVBE=VIN. The effect of the cor 
rection is to make the differential signal at the emitters of 
transistors Q9 and Q10 equal to the voltage at the bases of 
emitter folloWers Q7 and Q8, thereby eliminating the non 
linear effects of AVBE. 

Thus, the output of the ampli?er core circuit: 

Where N does not need to be a Whole number, and may be 
substantially above 1 as desired Without limiting the head 
room of the ampli?er output, even by a single p-n junction 
voltage drop. 

In the embodiment herein before described, all transistors 
Were the same siZe and all resistors eXcept R7 and R8 Were 
the same siZe. This hoWever is not a limitation of the 
invention. As an example, transistors Q9 and Q10 may 
optionally be made tWice as large as transistors Q7 and Q8, 
and the current source I3 made to provide tWice the current 
of current sources I1 and I2, alloWing resistors R9, R10, R7, 
and R8 to be halved in value over that of the prior art 
embodiment to loWer the output impedance of the ampli?er. 

The high-speed signal and the lineariZation correction 
signal reach the bases and emitters of Q7 and Q8 at the same 
time; therefore, there is no loss of bandWidth using the 
correction technique of the present invention. 

It is important to note that emitter folloWers Q7 and Q8 
must be biased With sufficient pull-doWn current so that the 
emitters Will folloW fast negative sleWing signals at their 
bases. Differential pair transistors Q5 and Q6 steers more 
current into the emitter folloWer going doWn in voltage 
(When it needs it) and reduces the current in the emitter 
folloWer going up in voltage. This results in a signi?cant 
current savings since the tail current for the degenerated 
differential pair transistors Q5 and Q6 can be less than the 
total current that Would be required to bias emitter folloWers 
Q7 and Q8 With ?Xed pull-doWn currents. It is to be further 
noted that although the differential ampli?er core circuit of 
FIG. 3 is shoWn and described using n-p-n transistors, the 
same result can be accomplished using p-n-p transistors. 
While certain eXemplary embodiments have been 

described and shoWn in the accompanying draWings, it is to 
be understood that such embodiments are merely illustrative 
of and not restrictive on the broad invention, and that this 
invention not be limited to the speci?c constructions and 
arrangements shoWn and described, since various other 
modi?cations may occur to those ordinarily skilled in the art. 
What is claimed is: 
1. A circuit in a differential ampli?er circuit having input 

transistors coupled to input terminals and load circuits, and 
output transistors coupled to output terminals, the circuit 
comprising: 

a pair of ?rst transistors each having a base coupled to the 
corresponding input terminal, a collector, and an emit 

15 

25 

35 

45 

55 

65 

6 
ter coupled to a common terminal through a resistor of 
a pair of ?rst resistors; and 

a pair of second transistors each having a base coupled to 
a collector of the corresponding input transistor, a 
collector coupled to a poWer supply terminal, and an 
emitter coupled to a base of the corresponding output 
transistor and the corresponding collector of the ?rst 
transistor. 

2. The circuit of claim 1 Wherein each resistor in the pair 
of ?rst resistors is equal in value. 

3. The circuit of claim 1 Wherein transistors of the ?rst and 
second pairs of transistors are of a ?rst conductivity type. 

4. The circuit of claim 1 Wherein transistors of the ?rst and 
second pairs of transistors are n-p-n transistors. 

5. The circuit of claim 1 Wherein a differential current 
?oWing through the pair of second transistors is equal to the 
differential current ?oWing through the output transistors. 

6. The circuit of claim 1 further comprising: 
a pair of third transistors each having a base, a collector 

coupled to its respective base and the poWer supply 
terminal, and an emitter coupled to the corresponding 
base of the second transistor through a respective 
resistor of a second pair of resistors. 

7. A differential ampli?er core circuit having input termi 
nals and output terminals, comprising: 

a pair of input transistors each having a base coupled to 
the respective input terminal, a collector, and an emitter 
coupled to a common terminal through a respective 
resistor of a pair of ?rst resistors; 

a pair of load circuits coupled betWeen the collectors of 
the input transistors, respectively, and a poWer supply 
terminal; 

a pair of second transistors each having a base coupled to 
the respective collector of the input transistor, a col 
lector coupled to the poWer supply terminal, and an 
emitter; 

a pair of third transistors each having a base coupled to the 
respective input terminal, a collector coupled to the 
respective emitter of the second transistor, and an 
emitter coupled to the common terminal through a 
respective resistor of a pair of second resistors; and 

a pair of output transistors each having a base coupled to 
the respective emitter of the second transistor, a col 
lector coupled to the respective output terminal, and to 
the poWer supply terminal through a respective resistor 
of a pair of third resistors, and an emitter coupled to the 
common terminal through a respective resistor of a pair 
of fourth resistors. 

8. The differential ampli?er circuit of claim 7 Wherein the 
load circuits comprise: 

a pair of ?fth transistors each having a base, a collector 
coupled to its respective base and the poWer supply 
terminal, and an emitter coupled to the respective 
collector of the input transistor through a respective 
resistor of a pair of ?fth resistors. 

9. The differential ampli?er circuit of claim 8 Wherein 
each resistor in the pair of ?rst, second, third, fourth, and 
?fth resistors is equal in value. 

10. The differential ampli?er circuit of claim 8 Wherein 
the pair of ?rst, second, fourth, and ?fth resistors are equal 
in value. 

11. The differential ampli?er circuit of claim 8 Wherein 
the pair of third resistors is a predetermined number of times 
greater than each of the pair of ?rst, second, fourth, and ?fth 
resistors. 

12. The differential ampli?er circuit of claim 8 Wherein 
transistors of the pair of input, second, third, output, and ?fth 
transistors are of a ?rst conductivity type. 
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13. The differential ampli?er circuit of claim 8 wherein 
transistors of the pair of input, second, third, output, and ?fth 
transistors are n-p-n transistors. 

14. The differential ampli?er circuit of claim 7 Wherein a 
?rst differential current ?oWing through the pair of second 
transistors is equal to a second differential current ?oWing 
through the pair of output transistors. 

15. The differential ampli?er circuit of claim 7 Wherein a 
?rst current source is coupled betWeen the pair of ?rst 
resistors and the common terminal, a second current source 
is coupled betWeen the pair of second resistors and the 
common terminal, and a third current source is coupled 
betWeen the pair of fourth resistors and the common termi 
nal. 

16. A differential ampli?er circuit, comprising: 
an input stage including a pair of input transistors each 

having a base coupled to a respective one of input 
terminals, a collector coupled to a poWer supply ter 
minal through a respective one of load circuits and an 
emitter coupled to a second poWer supply terminal; 

an output stage including output transistors each having a 
base, a collector coupled to a respective one of output 
terminals and to the poWer supply terminal through a 
respective one of a pair of ?rst resistors, and an emitter 
coupled to the second poWer supply terminal through a 
respective one of a pair of second resistors; and 

a buffer stage coupled betWeen the input terminals and the 
collectors of the input transistors of the input stage, and 
the bases of the output transistors of the output stage. 

17. The differential ampli?er circuit of claim 16 Wherein 
the buffer stage comprises: 

a pair of ?rst transistors each having a base coupled to the 
corresponding input terminal, a collector, and an emit 
ter coupled to the second poWer supply terminal 
through a respective one of a pair of third resistors; and 

a pair of second transistors each having a base coupled to 
the collector of the corresponding input transistor, a 
collector coupled the poWer supply terminal, and an 
emitter coupled to the base of the corresponding output 
transistor and the collector of the corresponding ?rst 
transistor. 

18. The circuit of claim 17 Wherein a ?rst differential 
current ?oWing through the pair of second transistors is 
equal to a second differential current ?oWing through the 
output transistors. 

19. A method of lineariZing the input/output characteris 
tics of a differential ampli?er circuit having input transistors 
coupled to input terminals and output transistors coupled to 
output terminals, the method comprising: 

providing ?rst and second terminals; 
providing a pair of ?rst, second, and third transistors each 

having a base, a collector, and an emitter; 
for each transistor in a pair of transistors, 

coupling the base and collector of the ?rst transistor 
together and to the ?rst terminal; 
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8 
coupling the emitter of the ?rst transistor to the respec 

tive input transistor through a respective resistor in a 
pair of ?rst resistors; 

coupling the base of the second transistor to the respec 
tive input transistor; 

coupling the collector of the second transistor to the 
?rst terminal; 

coupling the emitter of the second transistor to the 
respective output transistor and to the collector of the 
third transistor; 

coupling the base of the third transistor to the respec 
tive input terminal; and 

coupling the emitter of the third transistor to the second 
terminal through a respective resistor in a pair of 
second resistors. 

20. The method of claim 19 further comprising setting a 
?rst differential current ?oWing through the pair of second 
transistors equal to a second differential current ?oWing 
through the output transistors. 

21. The circuit of claim 1 Wherein a current source is 
coupled betWeen the common terminal and a second poWer 
supply terminal. 

22. The circuit of claim 1 Wherein the pair of ?rst 
transistors and the pair of second transistors offset non 
linearity introduced by the output stage. 

23. The differential ampli?er circuit of claim 16 Wherein 
said buffer stage to reduce any non-linearity introduced by 
the output stage. 

24. The differential ampli?er circuit of claim 17 Wherein 
said transistors are n-p-n transistors. 

25. The differential ampli?er circuit of claim 17 Wherein 
each resistor in the pair of ?rst, second, and third resistors 
are equal in value. 

26. The differential ampli?er circuit of claim 17 Wherein 
the pair of ?rst resistors is a predetermined number of times 
greater in value than the pair of second resistors. 

27. The differential ampli?er circuit of claim 17 Wherein 
each emitter of the pair of input transistors is coupled to the 
second poWer supply terminal through a respective one of a 
pair of fourth resistors. 

28. The differential ampli?er circuit of claim 27 Wherein 
the load circuits comprise a pair of third transistors each 
having a base, a collector coupled to its respective base and 
the poWer supply terminal, and an emitter coupled to the 
corresponding base of the second transistor through a 
respective one of a ?fth pair of resistors. 

29. The differential ampli?er circuit of claim 27 Wherein 
a ?rst current source is coupled betWeen a ?rst common 
connection of the pair of second resistors and the second 
poWer supply terminal, a second current source is coupled 
betWeen a second common connection of the pair of third 
resistors and the second poWer supply terminal, and a third 
current source is coupled betWeen a third common connec 

tion of the pair of fourth resistors and the second poWer 
supply terminal. 


